the cultures, and the number of such cells increased between 3 and 5 days in vitro, in a dose-dependent manner. Hair cell regeneration occurs spontaneously throughout life and following hair cell injury in the vestibular
INTRODUCTION
hair cell loss and regeneration in vitro. Utricles that were cultured with streptomycin for 1 day displayed a Hair cells are the mechanoreceptors of the auditory, dose-dependent loss of hair cells in spatial patterns vestibular, and lateral-line end organs that are involved and levels that were consistent with those observed in in the detection of sound, balance, orientation, and comparable experimental paradigms in vivo. Incorpohead movements. Disease, aging, infection, and exporation of the nucleotide analog bromodeoxyuridine sure to noise or ototoxic drugs cause hair cell loss in (BrdU) demonstrated that supporting cell proliferathe inner ear. Birds and other nonmammalian species tion is decreased during the first day of culture in the are capable of regenerating hair cells and thereby presence of streptomycin, but it increases over time repairing their receptor epithelium such that function when cultures are subsequently placed in streptomyis regained (reviewed in Cotanche et al. 1994 ; Carey cin-free media. Utricles cultured for 1 day with streptoet al. 1996; Stone et al. 1998 ; Cotanche 1999; Smolders mycin followed by 2-4 more days without streptomycin 1999). In contrast, damage to the mammalian inner had numerous bundles of immature stereocilia, sugear results in permanent hearing and/or balance defigesting that new hair cells were generated in vitro. We cits. Insights gained from studying hair cell regeneratested this hypothesis by culturing utricles with BrdU tion in nonmammalian species may shed light onto for 3 or 5 days and double-labeling them to detect mechanisms that can be used to trigger hair cell regenBrdU and the hair cell-specific antigen, TuJ1. Numereration in mammals. in this system is highly upregulated over control levels biotic, streptomycin Rubel 1992, 1993; Carey et al. long-term cultures. Sensory epithelial cell proliferation, as assessed by labeling with the nucleotide analog, 1996; Bhave et al. 1998 ). On the other hand, continual bromodeoxyuridine (BrdU), decreased immediately postembryonic production of hair cells does not occur after exposure to low and moderate doses of streptomyin the auditory receptor epithelium, the basilar cin and increased significantly by 1 day after removal papilla, of birds (Ryals and Rubel 1988; of the drug. High doses of streptomycin inhibited supCotanche 1988; . However, porting cell proliferation at all times. Scanning elecrestoration of the auditory hair cell population does tron microscopy and the use of a cell proliferation occur after hair cell loss is experimentally induced by tracer in combination with the hair cell-specific ototoxic drugs or intense noise (Cotanche 1987; Cruz marker, TuJ1 , demonstrated that many cells that are et Corwin and Cotanche 1988 ; Ryals and generated mitotically in culture goon to differentiate Lippe et al., 1991) . Regenerated hair cells as hair cells. in both the avian auditory and vestibular systems Preliminary reports of portions of these data were achieve sufficient function to restore balance and hearpresented previously (Matsui et al. 1997a,b) . ing function (for review, see Cotanche et al. 1994; Stone et al. 1998; Cotanche 1999; Smolders 1999) . In birds, the progenitors to the new hair cells appear to be a subpopulation of the resident supporting cell
MATERIALS AND METHODS
population (Corwin and Cotanche 1988; Girod et al. 1989; Raphael 1992; Roberson et al. 1992; Hashino and Salvi 1993; Stone and Cotanche 1994; Tsue et al. Animals 1994; Warchol and Corwin 1996) . Recent studies also White Leghorn chickens (Gallus domesticus) were suggest that the mature mammalian vestibular epitheobtained from a local distributor (H & N International, lium has a limited capability for the mitotic replaceRedmond, WA) and were housed in brooders with ment of hair cells Lambert 1994;  ample food and water in the University of WashingTanyeri et al. 1995; Yamashita and Oesterle 1995; Li ton's animal care facility. All experimental protocols and Forge 1997; Lopez et al. 1997; Zheng et al. 1997;  were reviewed and approved by the University of WashZheng and Gao 1997; Kuntz and Oesterle 1998).
ington Animal Care Committee and conform to Cell proliferation and hair cell regeneration occur NIH guidelines. in in vitro preparations of the hair cell epithelia of many nonmammalian species. In mature birds, new hair cells are formed in cultures of the utricle (e.g., and Mouse monoclonal anti-BrdU antibody was obtained the basilar papilla (Navaratnam et al. 1996 ; Stone et from Becton Dickenson (San Jose, CA). Dr. Anthony al. 1996) . None of these studies, however, has provided Frankfurter (University of Virginia) generously an in-depth analysis of the extent of hair cell loss, donated mouse monoclonal TuJ1 antibody, and Dr. mitotic activity, and hair cell replacement in culture.
Primary antibodies
Guy Richardson (University of Sussex, UK) kindly proThis project had two objectives. First, we wished to vided mouse monoclonal antibody to hair cell antidevelop and standardize an in vitro preparation of the gen (HCA). avian utricle for studies of streptomycin-induced hair cell loss and of subsequent events leading to hair cell regeneration. Second, we sought to determine the Bromodeoxyuridine injections extent to which newly produced cells in vitro display hair cell phenotypes by using a mitotic tracer in combiTo assess the temporal progression of hair cell differennation with a hair cell-specific marker. tiation in utricles in vivo, normal 7-day-old chicks were Chick utricles were cultured in media supplegiven 2 intraperitoneal injections of BrdU (100 mg/ mented with various concentrations of streptomycin. kg), delivered 2 hours apart. Two hours, 2 days, or 4 Some utricles were examined immediately after the days after the final BrdU injection, chicks were euthanstreptomycin treatment (short-term cultures) to ized by sodium pentobarbital overdose (100 mg/kg; define the patterns and extent of hair cell loss, whereas Anpro Pharmaceutical, Arcadia, CA) and decapitated. other utricles were cultured in streptomycin-free Seven-to 10-day-old post-hatch control chicks were media following the drug exposure (long-term culalso euthanized in the same manner. Utricles were tures) to allow hair cell regeneration to occur. Hair cell surgically removed, fixed for 30 minutes with 4% paraloss was directly related to streptomycin concentration formaldehyde in 0.1M Na/K phosphate buffer (pH and was confined to the striolar region in short-term 7.4), and rinsed in 0.1 M phosphate-buffered saline (PBS). Otoconia were washed off with a pulse of PBS. cultures but extended beyond the striolar region in nucleotide analog that is incorporated into DNA during the DNA synthesis (S) phase of the cell cycle, was added to culture media 3 hours prior to fixation. To examine cell proliferation and differentiation in longterm cultures (Paradigm B), utricles were incubated in streptomycin (at 0.078, 0.16, 1.2, or 2.5 mM) for 1 day, washed 3 times with streptomycin-free (control) media, incubated in control media for another 1, 2, or 4 days (a cumulative equivalent of 2, 3, or 5 days in vitro, respectively), and then fixed. BrdU (10 nM) was added to the media 3 hours before fixation or was present throughout the entire culture period. In Paradigm C, utricles were cultured for 1 day in control media and transferred to streptomycin (at 0.078, 0.16, 1.2, or 2.5 mM) for an additional day. BrdU (10 nM) was added to the media 3 hours prior to fixation. For paradigms A-C, control organs were prepared in parallel and processed identically to the experimental organs, except they were incubated in aminoglycosidefree media throughout the experiment. The number of organs tested for each experimental paradigm is indicated in the relevant figure captions.
Tissue processing
Scanning electron microscopy. To qualitatively assess the from Paradigms A and B were processed for scanning electron microscopy (SEM). Utricles were fixed with 3.5% glutaraldehyde in 0.1 M Na/K phosphate buffer Organ culture techniques (pH 7.4) and postfixed in osmium tetroxide (1% OsO 4 in PBS, pH 7.4). After otoconia removal, utricles were Seven-to 10-day-old posthatch chicks were decapitated, and the utricles were removed and cultured dehydrated in serial alcohols, critically point-dried in CO 2 , mounted onto aluminum stubs, sputter-coated as organotypic explants using methods developed by Oesterle et al. ( , 1997 . Utricles were placed freewith gold/palladium alloy (Anatech, Alexandria, VA), and examined with a JEOL JSM-6300F scanning floating into 24-well tissue culture plates (Costar, Cambridge, MA) with 1.0 mL of Basal Medium Eagle electron microscope at 85, 95, 2000, 3000, or 4500X magnifications. (Sigma Chemical Co., St. Louis, MO) supplemented with 30% Earle's balanced salt solution (Gibco/BRL, Bromodeoxyuridine immunohistochemistry. Utricles were fixed for 20 min with 4% paraformaldehyde in Gaithersburg, MD), 0.5% glucose (Sigma), and 5% Fetal Bovine Serum (Gibco/BRL). Explants were incu-0.1 M Na/K phosphate buffer and rinsed with PBS. BrdU immunohistochemistry (Gratzner 1982) was bated at 37ЊC in a humidified 5% CO 2 -in-air incubator. An additional group of utricles, which we have termed modified from Stone and Cotanche (1994) . All steps were carried out at room temperature with PBS washes the "in vivo" utricles, were not cultured; they were isolated and fixed immediately in 4% paraformaldebetween them, unless otherwise stated. Organs were treated with 2 N HCl diluted in 0.1% Triton X-100/ hyde. These organs served as additional controls.
PBS (Sigma) at 37ЊC for 30 min. Tissue was placed in 0.5% hydrogen peroxide (H 2 O 2 ) in PBS for 15 min
Culture paradigms
followed by 10% normal horse serum (Vector Laboratories Inc., Burlingame, CA) in 0.1% Triton X-100/ Three experimental paradigms were used (Fig. 1) Counts of hair cells in plastic sections. Utricles were using the TuJ1 antibody, or triple-labeled to detect dehydrated in a graded ethanol series followed by proBrdU, ␤-tubulin III, and hair cell antigen (HCA), using pylene oxide and embedded in Spurr's resin (Polysimmunofluorescence techniques. All steps were carcience, Warrington, PA). Utricles were oriented ried out at room temperature with PBS washes between randomly with respect to the striolar region. Serial them, unless otherwise stated. The tissue was incusemi-thin (3 m) sections were cut through half of bated for 10 min in 10% normal horse serum in 0.05% the organ and mounted onto acid-washed, chrome Triton X-100/PBS to block nonspecific IgG binding alum-subbed slides. Sections were analyzed using light followed by TuJ1 antibody (1:1000, in 0.1% Triton Xmicroscopy and NIH Image, an image processing pro-100/PBS) overnight at 4ЊC. TuJ1 labeling was detected gram. In each organ, one section was chosen randomly using BODIPY/fluorescein isothiocyanate (FITC)-confrom every 10 serial sections (at 30-m intervals) jugated IgG (1:300, in 0.05% Triton X-100/PBS; through half of the organ. This procedure resulted in Molecular Probes, Eugene, OR) for 1 h. Utricles were the analysis of 12-16 sections per organ. The length postfixed with 4% paraformaldehyde for 30 min, of the vestibular SE was quantified for each section rinsed, and placed into 2 N HCl at room temperature using a 40X objective and NIH Image 1.60 (developed for 1 h. Tissue was incubated in mouse anti-BrdU at the U.S. National Institutes of Health, Bethesda, monoclonal antibody (1:300, in 0.05% Triton X-100/ MD, and available from the Internet by anonymous PBS) for 2 h, followed by lissamine rhodamine-conju-FTP from zippy.nimh.nih.gov or on floppy disk from gated IgG (1:300, in 0.05% Triton X-100/PBS; Jackson the National Technical Information Service, SpringImmunoResearch Labs, Westgrove, PA) for 1 h. This field, VA, part number PB95-500195GEI). Hair cell double-labeling method was modified from Memberg numbers were expressed as a function of SE linear and Hall (1995). Organs were mounted onto slides density (number of hair cells/100 m SE). Hair cells using Vectashield mounting medium (Vector Laborawere distinguished easily from other cell types in the tories Inc.) and coverslipped. utricular macula (see Results). A cell was counted as In some experiments, a third antibody, anti-HCA, a hair cell if it had an identifiable cuticular plate and was used in conjunction with BrdU and TuJ1 labeling.
its cell body did not contact the basal lamina. Type I Anti-HCA was added after TuJ1 but before the antiand Type II hair cells, which normally are identified BrdU antibody labeling. Utricles were treated with by the morphology of their innervation (Wersäll 1956; 10% normal horse serum for 10 min and incubated Jørgensen and Christensen 1989), could not be distinovernight at 4ЊC with anti-HCA (1:300, in 0.05% Triton guished since the neural endings to the hair cells X-100/PBS). Organs were placed in Cy-5-conjugated retract and degenerate in vitro ). IgG (1:300, in 0.05% Triton X-100/PBS; Jackson Identification of newly regenerated hair cells. Utricles that were double-labeled to detect BrdU and TuJ1 or triple-labeled to detect BrdU, TuJ1, and HCA were examined with a BioRad MRC 1024 confocal laser scanning microscope. Digital images were generated from Z series (0.5-1 m steps oriented parallel to the lumen) through the SE using Laser Sharp (BioRad, Hercules, CA) at 60X. Images were processed and analyzed using NIH Image and Photoshop 3.0.5 (Adobe, Mountain View, CA) and printed with a Phaser IISDX dye-sublimation printer (Tektronix, Beaverton, OR). The average number of cells that were either singlelabeled for BrdU or double-labeled for BrdU and TuJ1 per m 2 of SE was quantified within eight 100 m ϫ 100 m randomly chosen regions from each of 3-4 utricles. A transparency was placed onto the monitor, and each double-labeled cell was counted by marking it on the transparency. After sampling the area, the 
Morphology of in vivo utricles
face. Two types of hair cells, Type I and Type II, are present in the avian utricular macula. Type I hair cells The structural organization of the avian utricle is similar to that of the mammalian utricle and consists of are pear-shaped and enclosed by a neural calyx. Type II hair cells have an elongated cylindrical appearance, three layers (Fig. 2) . The deepest layer (the stroma) is a loose connective tissue that is penetrated by nerves.
and their basal surface contacts several bouton-type nerve endings. Type I hair cells are predominantly The intermediate layer is a thin basement membrane, the basal lamina. The superficial layer, the sensory located in the lateral, "C-shaped" striolar region of the utricular macula, whereas Type II hair cells are epithelium (SE), consists of hair cells, supporting cells, and a few resident leukocytes (Bhave et al. 1998) . Supgenerally found in the extrastriolar regions. Previous in vivo studies in the avian ear have shown that Type porting cell nuclei reside near the basal lamina. Supporting cell nuclei near the M phase (mitosis) of the I hair cells are more susceptible than Type II hair cells
FIG. 3. Scanning electron micrographs of utricles after 1 day in
(D1) and striolar (D2) regions, stereociliary bundles are preserved in vitro with control media (A, B) or media containing streptomycin the extrastriolar region (D1), but extensive stereociliary loss is evident (0.078 or 1.2 mM) (C-F ) (Paradigm A). In A, C, and E, white curved in the striolar region (D2). Some small immature stereociliary bundles arrows indicate extrastriolar areas, whereas white arrowheads point are apparent in the striolar region. (E ) Extensive stereocilia loss occurs to striolar regions. (A) The lumenal surface of the cultured utricular throughout the extrastriolar and striolar regions with exposure to 1.2 macula appears normal in organs incubated in control media. The mM streptomycin. The bright white areas (straight white arrow) are bright white area (black arrow) is otoconial debris. Higher magnificadead, extruded hair cells, not otoconial debris. A higher magnification tions of extrastriolar and striolar regions are shown in B1 and B2, of this damaged area is shown in F. n ϭ 3-4 utricles per concentration respectively. (C ) Hair cell damage is predominantly localized to the per run; 2 runs were conducted. Scale bars in A, C, E ϭ 100 m; striolar region (white arrowhead) at low streptomycin concentrations in B, D, F ϭ 10 m. (0.078 mM). As shown in higher magnifications of the extrastriolar to aminoglycoside-induced damage .
Streptomycin-induced hair cell loss
To characterize the pattern of hair cell loss induced by streptomycin, utricles were incubated in streptomycinfree media (control organs) or streptomycin-supplemented media (at 0.078, 0.16, 1.2, or 2.5 mM) for 1 day and then examined using SEM (Paradigm A; Fig.  3 ). Little to no hair cell death was observed in control   FIG. 4 . Mean linear hair cell densities following a 1-day incubation organs (Fig. 3A) in either the extrastriolar (Fig. 3B1) in control or streptomycin-supplemented media (Paradigm A). Data or striolar (Fig. 3B2) bundles remained in the striolar region (Fig. 3C, D2 ). At a higher streptomycin concentration (1.2 mM, Fig.  3E , F), all regions of the SE were covered with dead, extruded cells.
consisting of an area missing numerous mature sterTo quantify the effect of streptomycin dose on hair eocilia bundles was seen in the striolar region of utricell density, additional utricles were cultured cles that were cultured in 0.078 mM streptomycin for according to Paradigm A, embedded in plastic, sec-1 day and then incubated in control media for 2 more tioned, stained, and the numbers of hair cells were days (Paradigm B) (Fig. 5C ). Three-day cultures that determined. For comparison, utricles were also were incubated with 1.2 mM streptomycin were almost removed from normal, undamaged control chicks and completely devoid of mature stereocilia bundles fixed immediately ("in vivo" utricles); otherwise, in throughout the SE (Fig. 5E, F) . Lesions in the drugvivo organs were processed identically as cultured damaged 3-day cultures generally resembled in size organs. The results of this analysis are shown in Figure  and in location the lesions from drug-damaged 1-day 4. Hair cell densities in utricles that were cultured in cultures (Paradigm A). Occasional bundles of short, control media (control utricles; 0.00 streptomycin in immature stereocilia were also detected in the striolar Fig. 4) were significantly lower than the densities found regions of drug-damaged and control cultures at 3 in in vivo organs ( p Ͻ 0.01; Fig. 4) . At all streptomycin days (Fig. 5D, F) . concentrations studied, significantly fewer hair cells
In 5-day control cultures, extensive hair cell death were present in drug-treated utricles than in control was apparent in both the striolar and extrastriolar or in vivo utricles (a 41-88% decrease) ( p Ͻ 0.01; Fig. regions (Fig. 6A, B) . In cultures treated with 0.078 4). Cultures that were treated with streptomycin at 1.2 mM streptomycin, the lesion covered a greater area or 2.5 mM had significantly fewer hair cells ( p Ͻ 0.01) than in comparable experimental cultures at 1 and 3 than those treated with 0.078 mM streptomycin (Fig.  days (Fig. 6C, D) . In 5-day cultures treated with 1.2 4).
To study the regenerative capabilities of the culmM streptomycin, mature stereocilia bundles were conspicuously absent from the entire SE. We detected tured vestibular SE, utricles were cultured for 1 day in media with streptomycin and then transferred to greater numbers of immature stereocilia bundles in the striolar region of 5-day cultures than in 3-day culstreptomycin-free media for an additional 2 or 4 days (a total of 3 or 5 days in vitro; Paradigm B). As controls, tures ( Fig. 5D, F; Fig. 6D, F) (Figs. 5D, F and 6D, F) . Further, the small stereocilia bundles appeared relaorgans were cultured in streptomycin-free media for 3 or 5 days. In 3-day control cultures, hair cell stereocilia tively more developed at 5 days than at 3 days; they appeared longer, but they still lacked the large kinocibundles appeared morphologically similar to those seen in in vivo organs, and lesioned regions were not lium and stereotypical "staircase" pattern (Fig. 6F  inset) . detectable (Fig. 5A, B) . In contrast, a defined lesion 
Supporting cell proliferation
We opted to use BrdU as a proliferation marker to assess mitotic activity in the majority of the organotypic cultures, rather than [ 3 H]-thymidine, because we wished to examine the three-dimensional relationship of dividing cells in whole-mounted tissue and to combine BrdU immunolabeling with immunolabeling for hair cell-specific proteins (see below). In most cases, BrdU was added to culture media for 3 h, and utricles were fixed immediately after the 3-h pulse and processed for BrdU immunohistochemistry (Gratzner 1982) . In a few cultures, however, BrdU was replaced with [ 3 H]-thymidine, which we have used extensively in previous in vitro experiments (e.g., , in order to confirm the efficacy of BrdU incorporation and immunolabeling for this study. The numbers of [ 
BrdU-labeled SE cells were detected in all cultured
Control (left column) and 0.078 mM-streptomycin-treated utricles organs examined (Fig. 2B) . For Paradigms A and B, (e.g., Fig. 7 ). This allowed us to compute the total In utricles exposed to 0.078 mM streptomycin for 1 day, SE cell number of labeled SE cells in each organ and to comproliferation is markedly reduced with respect to the concordant pare the spatial distributions of proliferation across control cultures. One day following streptomycin removal (equivalent to 2 days in culture), BrdU-labeled SE cells are increased relative to organs. It also provided a "hard copy" of the data for be most pronounced in the striolar region (Fig. 7) . The density of BrdU-labeled SE cells in control organs remained relatively constant between 1 and 5 days in proliferation in utricles exposed to higher streptomyvitro ( p Ͼ 0.10; Fig. 8 ). Utricles that were incubated cin concentrations (0.16, 1.2 mM) remained signifiin streptomycin-supplemented media for 1 day and cantly higher than controls by 3 days ( p Ͻ 0.01) and then assessed for BrdU incorporation showed a then returned to control levels by 5 days. marked decrease in the density of BrdU-labeled SE The presence of streptomycin in culture media sigcells when compared with concordant control cultures nificantly decreased the density of BrdU-labeled SE ( p Ͻ 0.01). In contrast, the density of BrdU-labeled cells, suggesting that aminoglycosides have an initial SE cells increased significantly ( p Ͻ 0.01) (3-to 4-inhibitory effect on supporting cell proliferation. To fold) relative to controls 1 day after streptomycin determine if this result could be replicated after differremoval; this is true for all streptomycin concentraent times in culture, we performed experiments simitions except 2.5 mM (Fig. 8) 
1
. As shown in Figure 8 , lar to those previously described above, except we the rate at which the mitotic levels returned to control altered the timing of the streptomycin exposure. values differed with streptomycin concentration. SE Organs were cultured in control media for 1 day, then cell proliferation in utricles that were exposed to a low transferred to media supplemented with streptomycin streptomycin concentration (0.078 mM) were at or for 1 additional day and fixed (Paradigm C). Control below control values by 3 days in vitro, whereas SE cell utricles were cultured in control media for a total of 2 days. BrdU was added to all cultures 3 h prior to fixation. In this experiment, greater numbers of BrdU-et al. 1996; Zheng et al. 1999) . Second, the newly emerging stereocilia may be present on cells that are derived by a recently described nonmitotic mechanism of hair cell regeneration called direct transdifferentiation whereby supporting cells phenotypically convert into hair cells (Adler and Raphael 1996; Roberson et al. 1996; Steyger et al. 1997; Forge et al. 1998 ).
To determine whether newly generated cells acquire hair cell phenotypes in our cultures, we used two antibodies-TuJ1 and anti-hair-cell antigen (HCA)-in addition to BrdU to label new cells. TuJ1 is an antibody that binds class III ␤-tubulin in the cytoplasm (Lee et al. 1990; Easter et al. 1993) of each fluorophore were highest in the appropriate context (i.e., they were antigen-relative), and this difference was reflected in the 3-channel composites that we generated. 2.5 mM) (range of means ϭ 27.2-45.4 BrdU-labeled TuJ1 labeled all hair cells in the mature utricle, cells/mm 2 SE; n ϭ 8-11/streptomycin concentraincluding Type I and Type II hair cells (Fig. 9A) . Labeltion). All drug-exposed groups had significantly fewer ing was present throughout the hair cell cytoplasm, labeled SE cells ( p Ͻ 0.01) than utricles that were but not in the nucleus or the stereocilia. TuJ1 also cultured without aminoglycosides. These findings suplabeled neural processes throughout the epithelium, port an initially antimitotic role for streptomycin in but no labeling was observed in supporting cells (Fig.  cultured utricular maculae. 9A). Some utricles were double-labeled to detect HCA as well as TuJ1. HCA was detected in hair cells in the striolar and extrastriolar regions, but not in supporting
Hair cell differentiation in vivo cells or neural processes. In hair cells, HCA was distributed throughout the stereocilia bundle, but it was not The presence of immature stereocilia bundles in the 3-day cultures suggested that new, phenotypically found in either the nucleus or the cytoplasm (Fig. 9B) . Similar patterns of HCA labeling have been reported appropriate hair cells were being generated in vitro. However, there are two other possible explanations.
previously (Goodyear and Richardson 1992) . HCA showed a one-to-one colocalization with TuJ1 in First, the immature-looking bundles may be a manifestation of a reparative response, whereby the damaged mature hair cells (Fig. 9B) , as seen in developing hair cells (Molea et al. 1999) . native hair cells build new stereocilia (Sobkowicz To determine when TuJ1 and HCA are expressed similar hair cell phenotype has been described for developing and regenerating auditory hair cells relative to S phase during spontaneous hair cell regeneration in vivo, control chicks were injected with (Whitehead and Morest 1985; Stone et al. 1996; Li and Forge 1997; Stone and Rubel 2000) . Four days BrdU and euthanized at 2 h, 2 days, or 4 days after the injection. Utricles were dissected, fixed, and imafter BrdU injection, the number of cells that were positive for both TuJ1 and BrdU appeared to increase, munoreacted to detect BrdU, TuJ1, and HCA simultaneously.
and a few triple-labeled cells were identifiable (Fig.  9D) . HCA labeling was most notable at the tip of the Two hours following BrdU injection, few BrdUlabeled cells were observed, and all of the BrdUapical projections of TuJ1-positive cells.
Colabeling of TuJ1 and HCA in a few BrdU-positive labeled cells were TuJ1-and HCA-negative (data not shown). At 2 days post-BrdU injection, many BrdUcells with hair cell phenotypes demonstrates that the cells that were double-labeled for TuJ1 and BrdU were labeled cells were seen. Most BrdU-positive cells were TuJ1-negative and HCA-negative (Fig. 9C) . The few clearly differentiating into hair cells. This finding assured us that the combined use of BrdU and TuJ1 BrdU-positive/TuJ1-positive cells that we did see were HCA-negative (Fig. 9C) . BrdU-positive/TuJ1-positive would be sufficient to assess the degree of hair cell regeneration that occurs in vitro, as described in the cells at 2 days post-BrdU had elongated lumenal portions resembling the neck of a bottle, and they somenext section. Although these findings are strictly qualitative, they suggest that there is a temporal progression times had close associations with neural processes. A in hair cell differentiation during regeneration, 0.005). In 3-day cultures, the number of doublelabeled cells does not vary across streptomycin concenwhereby TuJ1 is expressed before HCA.
trations ( p Ͼ 0.50), while in 5-day cultures, the number of double-labeled cells reliably covaried with drug con-
Hair cell differentiation in vitro
centration ( p Ͻ 0.05). As expected from the above, there was also a significant interaction between culture To determine the extent to which cells that are mitotically generated in culture go on to differentiate as hair duration and drug concentration ( p Ͻ 0.05). cells, we performed triple-immunolabeling for BrdU, TuJ1, and HCA on utricles that were cultured for 1 day with 0.078 or 1.2 mM streptomycin and then main-DISCUSSION tained in streptomycin-free media for another 2 or 4 days. These periods corresponded to a total of 3 or 5
This study demonstrates the following: 1) A 1-day exposure to 0.078 mM streptomycin kills approximately days in culture, respectively. Parallel control utricles were cultured in streptomycin-free media for the 40% of the hair cells in the cultured post-hatch chicken utricle; stronger streptomycin concentrations kill whole period. In all cultures, BrdU was present continuously to label all cells that are generated mitotically greater hair cell numbers; 2) cell proliferation is downregulated in cultured utricular maculae during aminoin vitro.
Triple-labeling in utricular cultures is shown in Figglycoside exposure and up-regulated by 1 day after the exposure; and 3) a subpopulation of proliferating cells ure 9(E, F). BrdU-labeled nuclei were abundant in both 3-day and 5-day cultures. Some BrdU-positive cells in the cultured utricular macula differentiate as hair cells. were also labeled with TuJ1, and a few cells were triplelabeled (BrdU-positive/TuJ1-positive/HCA-positive). The morphologies of double-labeled (BrdU-positive/
Aminoglycosides kill vestibular hair cells in vitro
TuJ1-positive) cells and triple-labeled cells were similar to those described for in vivo utricles (Fig. 9A-D) ,
The avian inner ear has become a model system with which to study hair cell regeneration. While there have suggesting that hair cell differentiation occurs in culture in a similar manner as in vivo.
been many studies using aminoglycosides to kill hair cells in cultured avian inner ear organs (Stone et al. To quantify the densities of postmitotic cells in vitro, we systematically counted BrdU-positive cells, as well 1996; Navaratnam et al. 1996; Kil et al. 1997; Hirose et al. 1997; Oesterle et al. 1996) , little quantitative as BrdU-positive/TuJ1-positive cells, in eight randomly chosen regions of the utricular macula. We used TuJ1 analysis of the hair cell loss has been performed. One goal of the present study was to carefully quantify the as the marker for regenerated hair cells, rather than HCA, because it is expressed earlier during hair cell effects of different streptomycin doses and exposure times on hair cell numbers in cultured chicken maturation. Further, TuJ1 is easier to visualize in that it is present throughout the hair cell cytoplasm, in utricles.
The amount of hair cell death induced by in vitro contrast to the apically expressed HCA. We compared the number of BrdU-labeled cells and the number of streptomycin at 1 day in vitro depends on the dose and length of the drug exposure. Exposure to low double-labeled cells as a function of time in culture (3 days or 5 days) and as a function of aminoglycoside streptomycin concentrations (e.g., 0.078 and 0.16 mM) kills hair cells primarily in the striolar region of concentration (0.0, 0.078, or 1.2 mM). Figure 10 presents data from this analysis. We found no significant the utricle, while exposure to higher concentrations causes increasing death among extrastriolar hair cells difference in the density of BrdU-labeled cells between the two culture-time groups ( p Ͼ 0.10). In contrast, as well. The lesions resulting from streptomycin exposure in vitro are qualitatively and quantitatively similar there was a significant increase in the density of BrdUlabeled cells across drug concentrations ( p Ͻ 0.005), to those reported following streptomycin injections in vivo in other studies. and the number of double-labeled cells increased significantly with time in vitro ( p Ͻ 0.001) and with drug report the compete loss of Type I hair cells and 62% loss of Type II hair cells in the chick ampulla by 1 day concentration ( p Ͻ 0.05). Between 3 and 5 days, the percentage of BrdU-labeled cells that are doublefollowing 7 consecutive days of streptomycin injections, and Carey and colleagues (1996) describe the labeled increased from 4% to 13% in control cultures, but this increase was not statistically significant ( p ϭ nearly complete (97%) loss of Type I hair cells and 58% loss of Type II hair cells in the chick ampulla by 0.150). Between 3 and 5 days, the percentage of BrdUlabeled cells that were double-labeled increased from 7 days following 5 consecutive days of streptomycin injections. In vivo aminoglycoside treatment causes 1% to 21% in cultures with 0.078 mM streptomycin, and from 1% to 25% in cultures with 1.2 mM streptosimilar lesions in the vestibular organs of rodents (Lindeman 1969; Kotecha and Richardson 1994 ; Forge et mycin; both of these increases are significant ( p Ͻ Figure 8 is due to the fact that BrdU was available during the entire culture period in this experiment. n ϭ 3-4 utricles per concentration per time point.
al. 1993, 1998) and fish (Yan et al. 1991; Yan and Spontaneous death of mature hair cells in control culPopper 1992). Further, adult guinea-pig utricles tures of inner ear end organs has been reported pretreated with neomycin in vitro show higher degrees of viously Stone et al. 1996 ; Quint hair cell damage in the striolar region (Quint et al. et al. 1998) . It is likely that we see elevated levels of 1998). The reason that Type I hair cells exhibit a proliferation in the striola because Type I hair cells higher susceptibility to aminoglycoside exposure is are more sensitive than Type II hair cells to the envinot known.
ronmental stresses that occur from in vitro conditions. It is interesting to note that, while we could not Exposure to streptomycin in culture has a complex detect a difference in the density of stereociliary buneffect on supporting cell proliferation over time. Near dles in control in vivo organs when compared with the end of the exposure period (at 1 day in vitro), the in vitro cultured organs using SEM, a significant streptomycin (at all concentrations studied) causes a difference in hair cell number between these organs significant decrease in the number of proliferating was revealed by our cross-sectional analysis. The dissupporting cells relative to that seen in control, unexcrepancy between the qualitative SEM results and the posed cultures. With very high streptomycin concenquantitative cross-sectional data may be a result of the trations, this decrease in proliferation is maintained relatively dense distribution of stereociliary bundles for 2 additional days. However, with low streptomycin throughout the epithelium in each set of samples. In concentrations, supporting cell proliferation rates other words, it may be difficult to visually distinguish increase and peak by 2 days in vitro (1 day following a difference in stereocilia number with SEM between the completion of the streptomycin exposure) and the two sets of samples, while a systematic cross-secthen decrease to reach control levels 2-3 days later. tional analysis is capable of elucidating variations in We were surprised to find an initial inhibitory effect hair cell numbers.
of streptomycin on supporting cell mitotic activity. To the best of our knowledge, this is the first report of aminoglycoside inhibition of supporting cell proliferaCell proliferation in cultured utricular macula tion in either in vivo or in vitro conditions. Previous studies have examined levels of supporting cell prolifWe examined cell proliferation in utricles that were eration after variable treatment and recovery periods, cultured in media with and without streptomycin. In but not during the drug exposure. We are confident control cultures, we found that mitotic activity is most that the decrease in proliferation that we detected was concentrated in the striolar region. This was a surprisnot a result of a transient mitotic arrest caused by ing observation, since proliferating supporting cells explantation into culture for the following reasons. appear to be randomly distributed throughout the We detected an average of 112/mm 2 BrdU-positive chick utricular macula in vivo (Roberson et al. 1992;  supporting cells in our control, cultured utricles after Kil et al. 1997; Bhave et al. 1998) . It is likely that a 3-h BrdU pulse/fix at 1 day in vitro. A similar number our culture conditions were suboptimal for supporting of BrdU-positive supporting cells (104/mm 2 ) has been complete hair cell survival and that some Type I hair cells or other hair cells in the striola died in vitro.
documented in control utricles that were placed in culture and immediately pulsed with BrdU for 4 h removal; up to a four-fold increase was seen in drugdamaged vis-à-vis control cultures. The relative then fixed . The number of BrdUincrease in mitotic activity that we saw in response to positive supporting cells obtained via the latter experiaminoglycoside exposure is in agreement with previment reflects an estimate of the number of supporting ous reports Tsue et al. cells in S phase at the time of culturing, which is in 1993; Bhave et al. 1998; Oesterle et al. 1996) . essence a snapshot of the steady-state proliferation level in the control utricle in vivo. These data point to an increase in supporting cell division during the first day in vitro relative to steady-state levels in vivo Hair cells differentiate in organotypic explants and suggest that there is no negative impact of the Hair cell production in vivo occurs spontaneously in culturing process on supporting cell proliferation. Secthe avian vestibular organs (Jørgensen and Mathiesen ond, our results from experimental Paradigm C 1989; Roberson et al. 1992) and in response to aminoshowed that streptomycin is capable of inhibiting supglycoside treatment (Weisleder and Rubel 1993; porting cell proliferation when added at 1 day in vitro Bhave et al. 1998 ; Stone and rather than at the time of culturing. This finding sugRubel 1999). It has also been documented in vitro, in gests that putative changes in culture conditions control utricles and in between 1 and 2 days in vitro are not capable of affectutricles that are cultured after in vivo aminoglycoside ing the streptomycin-induced inhibition of supporting damage . Previous in vitro studies cell proliferation. Based on these interpretations, we focused on SE cell proliferation; the ability of the probelieve that the decrease in supporting cell proliferaliferating cells to differentiate into hair cells has not tion at 1 day in vitro is most likely due to the effects been well characterized. To more fully characterize of the streptomycin and not the culture conditions. hair cell differentiation in vitro, we examined hair cell The mechanism by which streptomycin initially differentiation by using cell-specific markers that are down-regulates mitotic activity in the utricular macula useful for identifying newly generated hair cells before is unknown. Streptomycin may act directly on the cell they form bundles of stereocilia ; cycle machinery of progenitor cells, or it may act indiStone and Rubel 2000). We combined the use of the rectly. Aminoglycosides are known to enter and accuhair cell-specific antibody TuJ1 with continuous BrdU mulate within inner-ear supporting cells in both the labeling to show that some postmitotic cells generated auditory and vestibular systems prior to the onset of in utricle cultures differentiate into hair cells. We felt hair cell death (Hayashida et al. 1985; de Groot et al. this approach is important for two reasons. First, there 1990; Hiel et al. 1993; Aran et al. 1995; Komeda and is emerging evidence that hair cells can be formed via Raphael 1996). Their effects on supporting cells, howa nonmitotic process called direct transdifferentiation ever, have been poorly characterized. Another plausi-(Adler and Raphael 1996; Roberson et al. 1996 ; Baird ble reason for the down-regulation of supporting cell et al. 1996; Steyger et al. 1997; Forge et al. 1998) . proliferation seen at early culture times is that supportSecond, recent studies have shown that some damaged ing cells are mounting an injury response to the strephair cells may be capable of repairing themselves. For tomycin effects. As a result of extensive hair cell loss, example, hair cells in the cultured mouse organ of supporting cells may be attempting to reseal the reticuCorti can survive mechanical trauma and repair their lar lamina, the junction between the surviving hair cuticular plate and stereocilia bundle (Sobkowicz et cells. This energy-intensive process may consequently Sobkowicz et al. 1996; Sobkowicz 1997) . Furrestrict many supporting cells from entering the cell ther, in developing rat utricle exposed to gentamicin cycle at this time.
in vitro, partially damaged hair cells repair themselves The reason for the resumption of supporting cell without going through mitosis (Zheng et al. 1999 ). proliferation at 3 days in vitro is also unknown; however, We continuously provided BrdU in culture and anait was not surprising. An increase in supporting cell lyzed only BrdU-positive cells to ensure that the cells proliferation over baseline levels has been docuwe deemed as "regenerated" were newly formed by mented previously in vivo (e.g., Lippe et al. 1991;  cell division. Since BrdU was present in the media for Tsue et al. 1994 ; Bhave et the entire culture period, BrdU-positive cells could be al. Stone et al. 1996; Bhave et al. 1998) and in vitro any of the following: postmitotic hair cells, postmitotic (Navaratnam et al. 1996; Stone et al. 1996; Oesterle et supporting cells, proliferative supporting cells, or proal. 1996) , and it is most likely due to the induction liferative leukocytes . Considering that of hair cell loss. Numbers of proliferating cells were the levels of proliferation at 3 days in vitro have signifigreatest in the striolar region, where maximal hair cell cantly decreased relative to the peak levels of proliferaloss occurred. The highest levels of proliferation seen tion at 2 days in vitro, the majority of labeled cells in 3-day and 5-day cultures are probably postmitotic. in our cultures occurred at 1 day after streptomycin We detected no significant difference in the num-1996; Adler et al. 1997; Li and Forge 1997; Forge et al., 1998; Zine and Ribeaupierre 1998) . One might ber of BrdU-labeled cells between the two culture-time groups. One possible explanation of this finding is venture that, in our continuous BrdU exposure experiments, cells with hair cell characteristics that are BrdUthat a subpopulation of postmitotic regenerated cells dies in culture between 3 and 5 days. Such cell death negative represent hair cells that were regenerated as a result of direct transdifferentiation. Unfortunately, could represent a continuation of the normal apoptotic program of the chick utricle (Jørgensen 1991;  this issue cannot be addressed in this study. In order to assure that cells have transdifferentiated in our culture Kil et al. 1997) , or it may signal that our culture system does not support the survival of postmitotic cells for system, we would have to ensure that we could identify BrdU-negative cells that were newly formed in vitro. long.
The number of double-labeled (BrdU-positive/ This would be possible if our lesion paradigm results in complete loss of hair cells in some portion of the TuJ1-positive) cells increased significantly between 3 and 5 days in vitro. However, at 5 days in vitro, a large utricle. While we detected a lack of stereocilia in the striolar region of some cultured utricles, we cannot be proportion of the BrdU-positive cells remains TuJ1-negative. The relatively low level of hair cell regeneracertain that the underlying hair cells are also absent (Sobkowicz et al. 1996; Zheng et al. 1999) . The use of tion that we see by 5 days in vitro probably reflects a delay in the time that it takes for some postmitotic the chick utricle as a system with which to study the role of transdifferentiation in hair cell regeneration cells to acquire a hair cell phenotype. We have shown in the undamaged utricle in vivo that it can take as is further confounded by the fact that a proportion of the resident hair cells in this organ are immature, little as 2 days for postmitotic cells that will form hair cells to become immunoreactive for TuJ1. A similar because of its ongoing hair cell production. Immature regenerated hair cells in the chick basilar papilla timing for TuJ1 expression relative to cell birth was recently demonstrated for regenerating hair cells in exhibit transient resistance to aminoglysocide treatment in vivo (e.g., Hashino and Salvi 1996) . Therefore, the drug-damaged chick basilar papilla in vivo (Stone and Rubel 2000) . In streptomycin-damaged utricles in immature hair cells are likely to persist after our aminoglycoside exposure in vitro. In conclusion, among the vitro, the peak of supporting cell proliferation occurs by 2 days after the initiation of the drug exposure population of TuJ1-positive/BrdU-negative cells, we cannot distinguish between cells that survived the for the majority of the drug concentrations studied. Assuming that the time it takes postmitotic cells to aminoglycoside exposure and those that were newly formed in vitro. express TuJ1 is similar in vitro and in vivo, we expected that many of the cells generated at this peak time would be TuJ1-positive by 5 days in vitro.
We have considered a few potential reasons for the
